Mitogen-activated protein kinase (MAPK) pathways are modules involved in the transduction of extracellular signals to intracellular targets in all eukaryotes. In plants, there is evidence for MAPKs playing a role in the signalling of abiotic stresses, pathogens, plant hormones, and cell cycle cues. The large number and divergence of plant MAPKs indicates that this ancient mechanism of signal transduction is extensively used in plants. However, there have been no reports of classical MAPK module in rice. In this report, we have isolated a MAPK from rice (Oryza sativa) termed OsMAPK2. The cloned cDNA is 1457 nucleotides long and the deduced amino acid sequence comprised 369 amino acid residues. Sequence analysis revealed that the predicted amino acid sequence is 72% identical to tobacco wound-induced protein kinase
Introduction
Eukaryotic cells have developed specific signal transduction pathways for response to, and integration of, extracellular stimuli. Mitogen-activated protein kinases (MAPKs) comprise a family of serine/threonine protein kinases that mediate intracellular phosphorylation events linking receptor activation to the control of cell proliferation, chemotaxis, differentiation and stress response (Schaeffer and Weber 1999) . MAPKs are activated through phosphorylation of a specific threonine (T) and tyrosine (Y) by dual specificity MAPK kinases referred to as MEKs. MEKs are phosphorylated and activated by MEK kinases (MEKKs). Homologous kinases in several sequential protein kinase cascades have been identified in yeast, mammalian cells, and plants, indicating conserved MAPK modules for signal transduction in eukaryotes (Seger and Krebs 1995 , Whitmarsh and Davis 1998 , Jonak et al. 1999 .
MAPK pathways are best understood in yeast, and this organism can be viewed as a model to understand the role of MAPK cascades in more complex multicellulPhysiol. Plant. 114, 2002 572 (WIPK). Southern analysis suggested a single OsMAPK2 gene in rice. Analysis at the mRNA level has shown that Os-MAPK2 is expressed in all plant organs and high relative amounts of OsMAPK2 were detected in the mature panicles in comparison with in the immature panicles. In suspensioncultured cells, the OsMAPK2 mRNA transcript increased markedly upon temperature downshift from 26aeC to 4aeC and sucrose starvation. In contrast, the OsMAPK2 mRNA level rapidly declined in rice cell challenged by high temperature. A similarly rapid response of OsMAPK2 was observed in stresstreated seedlings, demonstrating that response of the MAPK pathway occurs also in intact plants. These results suggest that this OsMAPK2 may function in the stress-signalling pathway as well as panicle development in rice.
ar systems. Of the six MAPK genes that are present in the yeast genome, functions for five MAPKs have been identified (Gustin et al. 1998) . During mating, the FUS3 and KSS1 MAPKs are activated by exposure of yeast to pheromone. Whereas the MPK1 MAPK is required for adaptation to the hypo-osmolar environment, the HOG1 MAPK is activated under hyper-osmolar conditions. The SMK1 MAPK is involved in the control of spore formation.
In mammals, the classical MAPKs (also known as ERKs, extracellular signal-regulated kinase) were originally identified as transducers of mitogens. Later, MAPKs were also shown to be involved in signalling hormones, neurotransmitters and signals for differentiation (Marshall 1994) . Two new groups of protein kinases have been added to the family of mammalian MAPKs (Marshall 1994) . The stress-activated protein kinases (SAPKs) or c-Jun N-terminal kinases (JNKs) were identified by their ability to phosphorylate the transcription factor cjun mediating transcription of specific genes following exposure to environmental stress. The second family, the p38 kinases, is activated in response to endotoxin from gram-negative bacteria and hyperosmolar stress. Classical MAPK has a Thr-Glu-Tyr (TEY) sequence in the dual phosphorylation motif. JNK and p38, however, have ThrPro-Tyr (TPY) and Thr-Gly-Tyr (TGY) sequences, respectively. Most recently, a new MAPK termed Big MAPK (BMK1) or ERK5 was identified as a novel member of the MAPK family (Zhou et al. 1995) . Although BMK1/ERK5 has a TEY sequence in the activation phosphorylation site like classical MAPK, it has a unique 400-amino-acid C-terminal domain, which accounts for its higher molecular mass of 110 kDa. The purpose of the Cterminal domain or tail remains unknown.
In plants, a variety of genes encoding MAPKs have been identified from alfalfa (Duerr et al. 1993) , Arabidopsis (Mizoguchi et al. 1993) , parsley (Ligterink et al. 1997) , pea (Stafstrom et al. 1993) , petunia (DecroocqFerrant et al. 1995) , and tobacco (Wilson et al. 1993) . When compared with mammalian MAPKs, almost all plant MAPKs have highest homology to the classical MAPKs (ERK) subfamily. The only exceptions are Arabidopsis AtMPK8 and 9 (Mizoguchi et al. 1997) , alfalfa MAPK TDY1 (Schoenbeck et al. 1999) , and the recently discovered rice BWMK1 (He et al. 1999) , which have a TDY motif. These 4 plants MAPKs also have a long Cterminal extension.
Analysis of a phylogenic tree based on sequence homology among all of the cloned plant MAPK indicates there are four distinct subfamilies (Jonak et al. 1999) . The significance of the branching into different subfamilies is not yet fully understood, but so far suggests that MAPKs within one branch serve similar functions in different species. According to the available information, MAPKs of subfamilies I and II are most involved in signalling pathogens and abiotic stress, whereas at least some of the MAPKs of subfamily III are involved in cell cycle regulation. In subfamily II, a tobacco MAPK homologue, designated WIPK, was shown to be rapidly induced at the mRNA level by wounding. Evidence using an antibody against the alfalfa MMK4, which shows high sequence similarity to WIPK, has linked the kinase activity of MMK4 to cold, drought, and mechanical stresses (Jonak et al. 1996) . Of interest, not only the kinase activity, but also the mRNA levels of all member of subfamily II, are induced transiently by various stresses.
Rice has been selected as the second model plant because it is a monocotyledonous species with a small genome size and because of its importance as a crop. However, there have been no reports of the functional existence of a classical MAPK module in rice. In this report, we have isolated the first classical MAPK from rice (Oryza sativa) termed OsMAPK2. Sequence analysis revealed that the predicted amino acid sequence is a homologue of tobacco WIPK. In planta, an organ-specific transcription pattern of the OsMAPK2 gene was observed. We also show the OsMAPK2 mRNA transcript changed markedly upon stress treatment.
Materials and methods

Isolation of rice OsMAPK2 cDNA
The rice expressed sequence tag (EST) clone (accession no. AJ250311) showing similarity to plant MAPK gene was obtained from the Rice Genome Research program of the National Institute of Agrobiological Resources. The entire nucleotide sequence of OsMAPK2 was determined by sequencing the EST clone.
Plant growth and cell culture
Suspension-cultured cells of rice (Oryza sativa cv. TN67) were cultured as described by Yu et al. (1991) . The cells were kept on a gyratory shaker (120 r.p.m) at 26aeC and were subcultured weekly. Three-day-old-suspension-cultured cells were exposed to different stresses before total RNA extraction. Heat and cold treatments were performed by exposure of suspension-cultured cells and 7-day-old seedlings at 26aeC to temperatures of 42aeC and 4aeC, respectively. Leaves, stems and roots of rice seedlings that were grown in a growth chamber for 10 days were used for organ expression. Young panicles and panicles after heading were prepared from 3-month-old plants. The photoperiod was 13 h light: 11 h dark and temperatures ranging between 25aeC and 28aeC.
Southern and Northern blot analyses
Genomic DNA was prepared according to the method described by Sheu et al. 1996) . About 10 mg DNA was digested with various restriction endonucleases and the resultant fragments were separated using 0.8% agarose. The DNA gel blot analysis was performed as described by Sambrook et al. (1989) using the OsMAPK2 genespecific DNA as probes. The OsMAPK2 gene-specific DNA probes were prepared from gel-purified PCR fragments synthesized with the following primers: 5ƒ-CTG CGA ATC GAG AGA GAG TCA GAT AAG GTC-3ƒ (sense) and 5ƒ-ATG GAG GTC GGT GTC CAT AAG-3ƒ (antisense). Probes were labelled with [a-32 P] dCTP using a Rediprime Kit (Amersham Pharmacia, UK). Filter was washed to a final stringency of wash solution (2 X SSC and 0.1% SDS) at 42aeC, and then visualized by exposure of Kodak X-Omat film.
For Northern analysis, total RNA was extracted from leaves, stem, root, flower, seedling and suspension-cultured cells by using the RNeasy kit (QIAGEN, Germany). Ten-mg samples of total RNA were fractionated on a 0.8% gel and transferred to MAGNA nylon transfer membranes (MSI, Westboro, MA, USA) with the TransVac vacuum blotting unit (Hoefer, USA) and UV cross-linked with the Stratalinker UV box (Stratagen, USA). Probes were labelled with [a-32 P] dCTP using a Rediprime Kit (Amersham). Hybridization was carried out at 42aeC. The membranes were rinsed twice in 2 X SSC containing, 0.1% SDS at room temperature and washed once in 0.1 X SSC containing 0.1% SDS at 42aeC. The membranes were then visualized by exposure of Kodak X-Omat film. A filter blotted with RNA was stained with methylene blue (Maniatis et al. 1982) .
Expression of the recombinant OsMAPK2 protein in E. coli
BamHI and XhoI sites were introduced into the coding region of the OsMAPK2 cDNA by PCR using Pfu polymerase (Strategen, La Jolla, CA, USA) with oligonucleotides K2-BamHI-F (5ƒ-CGG GAT CCA TGG ACG GGG CGC CGG TGG CG-3ƒ) and K2-Xho-R (5ƒ-CCG CTC GAG CTA GTA CCG GAT GTT TGG GTT CAT-3ƒ). The amplified fragment was digested with BamHI and XhoI and subcloned into the pGEX-4T-1 vector (Pharmacia, Piscataway, NJ, USA). The resulting clones were sequenced to ensure in-frame fusion of Os-MAPK2 with glutathione S-transferase (GST) and to avoid clones that contained PCR-introduced mutations.
Mutant OsMAPK2 clone was generated by overlap extension procedure (Ho et al. 1989 ). The threonine»ala-nine and tyrosine»phenylalanine were substitution at position 194 and 196 (T194A; Y196F) which is shown in Fig. 1 . Briefly, in the first round of amplification, two separate reactions were performed. Reaction 1 used a sense primer (5ƒAGC GAC ATG ATG GCG GAG TTC GTG GTC ACC CGG TG3ƒ) (bases encoding the mutations are shown underlined) spanning the site to be mutated with an antisense primer (5ƒCCG CTC GAG CTA GTA CCG GAT GTT TGG GTT CAT3ƒ) spanning the stop codon of OsMAPK2 which includes XhoI reaction site. Reaction 2 used the corresponding antisense primer (5ƒCA CCG GGT GAC CAC GAA CTC CGC CAT CAT GTC GCT3ƒ) spanning the site to be mutated with a sense primer (5ƒCGG GAT CCA TGG ACG GGG CGC CGG TGG CG3ƒ) spanning the start codon of OsMAPK2 which includes BamHI reaction site. The products from reactions 1 and 2 were purified by agarose-gel electrophoresis using a gel extraction kit (BIO 101 GENECLEAN III kit, USA). A 1-ml portion of purified product from reaction 1 and 2 were mixed and allowed to undergo five cycles of extension and annealing, in the absence of primers, in order to extend the cDNA template. The primers spanning the OsMAPK2 start and stop codon were added and the reaction allowed to undergo a further 30 cycles in order to amplified the full-length cDNA containing the relevant mutation. The product was gel-purified, digested with BamHI and XhoI and cloned into pGEX4T-1 (Amersham Pharmacia, USA). This plasmid was then sequenced to ensured that the desired mutation was present and in frame.
E. coli JM109 cells carrying the recombinant plasmid were grown at 37aeC in LB medium supplemented with 100 mg ml ª1 ampicillin, until the A 600 reached 0.5. Isopropyl-b--thiogalactopyranoside (IPTG) was added to the culture to a final concentration of 0.2 mM, and the protein was induced by further incubating the culture at 28aeC. After 5 h, cells were harvested, resuspended in Physiol. Plant. 114, 2002 574 SDS-polyacrylamide gel sample buffer, and frozen at ª70aeC.
Western blot analysis
Bacterial proteins, prepared by boiling the frozen extracts described above, were separated on 12% SDSpolyacrylamide gels. Electrophoresed gel was washed 15 min in transfer buffer (25 mM Tris, 192 mM glycin, 20% methanol) for SDS removal, and proteins were transferred at 4aeC onto nitrocellulose (Amersham) by a 3.5-h electroblotting run at 360 mA in a Transblot apparatus (Hoefer). The filter was blocked for 14 h at 4aeC plus 2 h at room temperature in a blocking solution: TBS (10 mM Tris-HCl pH 7.5, 100 mM NaCl) with 1% bovine serium albumin (BSA, Sigma) and 0.1% Tween-20 (Sigma). Then incubated for 2 h at room temperature with horseradish peroxidase-conjugated, antiphosphotyrosine antibody RC20 (Transduction Laboratories, USA) at 1 : 2500 dilution in the blocking solution. The filter was washed 2 ¿ 10 min in TBS with 0.05% Nonidet NP-40 (Sigma), 10 min in TBS, then incubated in ECL reagent (Amersham) for enhanced chemiluminescent detection of bands on Hyperfilm-ECL film (Amersham), following the manufacturer's instructions.
Results
Isolation and sequence analyses of the Os MAPK2 cDNA
The EST database from the Rice Genome Research program of the National Institute of Agrobiological Resources was screened for potential rice MAP kinases cDNAs using the published MAP kinases from other plants (Jonak et al. 1999) . Two cDNA clones were identified as potentially coding for the desire kinases, and one was chosen for further study [EMBO accession number AJ250311]. The nucleotide sequence of the full-length Oryza sativa cDNA, named OsMAPK2, was determined (Fig. 1) . The 5ƒ-translation initiation codon contained in the OsMAPK2 cDNA may begin at nucleotide 108, and has a sequence contex that conforms partially to the consensus for eukaryotic translation initiation. If translation begins at this initiation codon, the OsMAPK2 clone contains open an reading frame of 369 amino acids that encodes a protein with an estimated molecular mass of 42 kDa. The OsMAPK2 cDNA is polyadenylated and there are three in-frame stop codon upstream from the first initiation codon, indicating that the entire open reading frame is contained within this clone. The OsMAPK2 clone contains 107 nucleotides of putative untranslated sequence at the 5ƒ end of the open reading frame, and 251 nucleotides of untranslated sequence at the 3ƒ end.
The amino acid sequence of OsMAPK2 showed all the conserved residues of the 11 subdomains of the catalytic domain of protein kinases. The threonine and tyrosine residues those are required for activation of MAP kinases from animal, yeast and plant are found in the Os-MAPK2 kinase at positions 194 and 196. A phylogenetic tree was constructed, which indicates that OsMAPK2 is most closely related to alfalfa MMK4 (Jonak et al. 1996) , Arabidopsis AtMPK3 (Mizoguchi et al. 1993) , tobacco WIPK (Seo et al. 1999) , Avena AsMAP1 (Huttly and Phillips 1995), wheat WCK-1 (Takezawa 1999 ) and maize ZmMPK4 (Berberich et al. 1999) according to the sequence alignment (Jonak et al. 1999) (Fig. 2) .
OsMAPK2 is a single-copy gene and is expressed in different plant organs
To determine the copy number of the OsMAPK2 gene within the rice genome, rice genomic DNA digested with eight different restriction endonucleases was subjected to Southern blot analysis. Hybridization patterns obtained Fig. 1 . Nucleotide and derived amino acid sequence of the OsMAPK2 clone. Numbers at right indicate the number of nucleotide or amino acid residues in that row. Tyrosine and threonine residues, which must be phosphorylated for MAP kinase activation (marked ò). Roman numerals indicated the 11 major conserved subdomains of protein kinases identified previously (Hanks et al. 1988 ). The cDNA sequence has been submitted to GenBank and has been given accession number AJ250311.
Physiol. Plant. 114, 2002 575 under high stringent conditions suggested that the Os-MAPK2 gene is likely a single-copy gene (Fig. 3) .
To determine whether the OsMAPK2 gene is expressed in plant tissues, the expression pattern of the OsMAPK2 gene was analysed in different plant organs of rice by RNA gel blot analysis. A transcript with a size of approximately 1.6 kb, which corresponds to the expected size of the OsMAPK2 mRNA, was detected in all tissue analysed. As shown in Fig. 4 , the level of expression differed significantly, with the highest level of expression found in roots, and stems, followed by lowest levels in leaves. Expression of OsMAPK2 gene was also studied during panicle development. The OsMAPK2 transcript level was low in immature panicles at early developmental stages, and the transcript level increased as the panicle developing. 
Expression of the OSMAPK2 gene is regulated by stress signals in rice suspension cell cultures and seedlings
To gain further insight into the possible function of Os-MAPK2 in suspension cells, we studied its expression patterns under various stress conditions. We subjected suspension cells to several stress factors, including cold temperature, heat shock, and sucrose starvation. Rapid accumulation of OsMAPK2 mRNA in response to cold stress was observed 3 h after starting treatment (Fig. 5A) . In cells treated with sucrose starvation for 3 h, a strong induction of the OsMAPK2 mRNA was observed (Fig.  5B ). This study suggests that OsMAPK2 expression is positively regulated upon cold treatment and sucrose starvation.
In contrast, the OsMAPK2 mRNA level rapidly declined in cells challenged by high temperature (Fig. 5C) . Within 3 h of treatment at 42aeC, the transcript level became very low. After a long period (24 h) of heat treatment, OsMAPK2 mRNA levels started to recover. This mRNA accumulation pattern indicates that the expression of the OsMAPK2 gene is down regulated by heat treatment and that this regulation is transient.
To test whether responses in suspension-cultured cells are similar to those of cells within differentiated tissue, we examined whether cold and heat stress regulated Os-MAPK2 in seedlings. Rapid accumulation of Os-MAPK2 mRNA in response to cold stress was observed within 3 h (Fig. 6A) . As shown in Fig. 6B , the expression of OsMAPK2 was clearly reduced within 3 h after the start of heat treatment. These data demonstrate that dif -ferentiated plant tissue of rice responds to general environment stress by regulation of OsMAPK2 in a similar way as suspension-cultured cells.
Tyrosine phosphorylation of recombinant OsMAPK2 in E. coli
It has been shown previously that MAPK autophosphorylate on tyrosine residues when expressed in E. coli (Seger et al. 1991) . To examine whether OsMAPK2 has biochemical properties of MAP kinases, the OsMAPK coding region was expressed as a fusion protein with glutathione S-transferase. We tested whether OsMAPK2 expresses a tyrosine autophosphorylation activity in E. coli by immunoblotting of the bacterial lysates with the monoclonal antiphosphotyrosine antibody. As shown in Fig. 7 , recombinant OsMAPK2 was recognized by monoclonal antiphosphotyrosine antibody while the kinase-negative mutant (OsMAPK2-dn) did not. The result indicated that OsMAPK2 is a functional protein kinase that has features characteristic of MAP kinases.
Discussion
Many components and fundamental steps of the cellular signalling machinery are conserved during the evolution of eukaryotic organisms. MAPKs are serine/threonine kinases that are activated by extracellular stimuli such as growth factors and differentiation factors. They are thought to play key roles in integrating multiple intracellular signals transmitted by various second messengers. Several members of the MAPK family have been identified in higher plant species (Meskiene and Hirt Physiol. Plant. 114, 2002 577 Fig. 5 . The effect of cold temperature (A), sucrose starvation (B), and heat shock (C) on the mRNA gene expression of OsMAPK2 in rice suspension cells. RNA samples were prepared from treated rice suspension cells, which were sampled at indicated times after each stress treatment. The gels at bottom in (A) (B), and (C) are nylon membranes showing rRNA bands stained with methylene blue, which indicate the amount of total RNA analysed. 2000). So far, 28 full-length MAPK cDNA have been isolated from a variety of plant species (Ligterink 2000) . In the dicotyledonous plants A. thaliana, besides the 7 published cDNAs, 6 genomic and 7 EST sequences encoding additional MAPK homologues can be found in the database. However, there has been very limited information about MAPKs in monocotyledonous species. Molecular cloning of MAPK from Avena AsMAP1 (GenBank accession number X79993), wheat WCK-1 (AF079318), maize ZmMPK4 (AB016801) and ZmMPK5 (AB016802), and rice BWMK1 (AF177392) have been reported. The rice MAPK-like kinase, BWMK1 (AF177392), has a long carboxyl-terminal tail consisting of 506 amino acids (He et al. 1999 ). Due to this long COOH-terminal tail, this BWMK1 is larger than most of the classical MAPKs (also called to as ERKs), which are typically made up of 360-380 amino acids. In addition, BWMK1 has a new dual-phos- Fig. 6 . The effect of cold temperature (A) and heat shock (B), on the mRNA gene expression of OsMAPK2 in rice seedling. RNA samples were prepared from treated rice seedling, which were sampled at indicated times after each stress treatment. Hybridization with rDNA was used as control for RNA transfer to the blot. 578 phorylation activation motif TDY that has not been reported in mammalian MAPKs. So far, a TDY dual phosphorylation motif has only been found in some MAPKs from protozoa. In the present study, we found that rice OsMAPK2 encodes a MAPK of 369 amino acids and have the TEY motif as the dual phosphorylation site. These results support that OsMAPK2 is a classical MAPK from rice.
In mature rice plants, high relative amounts of Os-MAPK2 transcripts were detected in the mature panicles in comparison to that in the immature panicles. Boulton et al. (1991) have isolated three MAPK from rats and showed them to be expressed in a stage-specific developmental manner. In yeast, a developmentally regulated MAPK, SMK1, is required for spore wall assembly (Krisak et al. 1994) . The synthesis of tobacco MAPK, ntf4 occurs at the mid-bicellular stage of maturation, as shown by an increase in RNA synthesis (Wilson et al. 1997) . Several recent findings suggest that p38 MAPK may be involved in skeletal muscle differentiation (Zetser et al. 1999, Nebreda and Porras 2000) . The expression pattern of the OsMAPK2 is typical of a late-expressed gene in flower development. Therefore, the OsMAPK2 system described here appears to be part of a developmental program involved in rice reproduction.
There is increasing evidence that MAPK pathways are important in plants to the regulation of their response to various exogenous and endogenous stimuli. In plants, not only are MAPKs activated but also the gene expression of MAPKs is regulated at the transcriptional level with wounding, as evidenced by the rapid accumulation of the transcripts of WIPK (Seo et al. 1999) . Transcript levels of Arabidopsis ATMPK3 and alfalfa MMK4, which show high sequence similarity to WIPK, increased when plants underwent cold, drought, or touch (Jonak et al. 1996 , Mizoguchi et al. 1996 . Recently, Berberich et al. (1999) found that the transcript level of the maize ZmMPK5 was induced strongly by cold treatment. In this report, the OsMAPK2 mRNA increases in response to cold stress. Based on these observations, we can speculate that the elevated level of MAPK mRNA was involved in low-temperature signal transduction pathways. Moreover, the OsMAPK2 decreases in response to high-temperature shift. It has been observed that heat stress is able to inactivate a 50-kDa myelin basic protein kinase in tomato suspension-culture cells (Heider et al. 1998 ). Thus, it was conceivable that this OsMAPK2 in rice suspension cells would also be involved in the stresssignalling pathway.
Carbohydrate as an energy source is crucial for cell growth. It has been shown that glucose deprivation induces cell death in human breast cells and activates MAPK (Gupta et al. 1997 ). This ERK1/2 MAPK activation occurred in 3 min after being in glucose free medium and was maintained for more than 1 h if still incubated in glucose-free medium. As in mammalian cells, carbohydrate (sucrose) starvation markedly inhibited the growth of suspension-cultured rice cells. In this report, we have first shown that MAPK is also involved in plant sugar-starvation-induced signalling pathways.
The rapid regulation pattern in suspension cells as well as in plants is the most striking characteristic of Os-MAPK2. This observation is coherent with the concept of a rapid signalling through phosphorylation events leading to activation of the target gene. Among them, regulation of this MAP kinase gene may adjust the signal through modified OsMAPK2 protein levels. As discussed above, however, the physiological significance of this transcriptional activation of plant MAPKs remains to be clarified.
Identification of classical MAPK in rice potentially involved in environmental-stresses-induced signalling pathways is of great interest. As OsMAPK2 appears to be a member of a classical class of MAPK, further studies on its function are underway. Biochemical approaches and molecular genetics will probably provide insight into the role of OsMAPK2 in stress signalling.
